The purpose of this article is to explain the anatomy of the pterygopalatine ganglion (PPG), its location in the pterygopalatine fossa (PPF) in the skull, and the relationship it has to the Vidian nerve terminal branches and the fifth cranial nerve. An overview of the neuro-anatomical/clinical correlations, a spectrum of pathologies affecting the seventh cranial nerve and some therapies both medical and surgical are noted. The focus is the pterygopalatine region with discussion of the proximal courses of the seventh and fifth cranial nerves and their pathological processes. The ganglion is used as an example of neuro-anatomical model for explaining cluster headaches (CH). Radiological correlation is included to clarify the location of the PPF and its clinical importance.
INTRODUCTION
The goal of this paper is to underscore a clinical condition and correlate it with the known neuroanatomical elements. The so-called cluster headaches (CH) and the facial-trigeminal cranial nerve complex are appropriate models to illustrate such a relationship. Furthermore, it will familiarize the neurosurgeons who are involved in the surgical treatment of the CH with an in-depth neuroanatomy of this region.
HISTORICAL BACKGROUND
Sluder in 1908 described a constellation of symptoms that some clinicians now describe interchangeably to CH. [18] He was the first to describe this type of headache as nasal headache in 1908 due to sphenopalatine (Meckel's) ganglion involvement, but later he called it sphenopalatine ganglion neuralgia. [18, 19] Some authors have referred to this disorder as Sluder Neuralgia. [1] To be noted that, the sphenopalatine ganglion is the term used in animals, in humans it is called pterygopalatine ganglion (PPG), some authors use these terms interchangeably.
CH is a recurring pain that comes under a variety of names, for example, paroxysmal nocturnal cephalgia, histamine headache (Horton headache), cranial autonomic syndrome, etc.
More recently (2004) the International Headaches Society (ICHD-II) suggested a new term, the Trigeminal Autonomic Cephalgia (TACs) to explain a group of primary headaches, which are unilateral, of short duration in the trigeminal nerve distribution, and associated with autonomic symptoms ipsilaterally. This group of cephalgias include: Paroxysmal hemicrania, CH, short-lasting unilateral neuralgiform headache attacks with conjunctival injection and tearing (SUNCT). [11, 20] The question with this classification is that the trigeminal nerve has no autonomic function. It is the facial cranial nerve that renders parasympathetic autonomic secreto-motor function, but utilizes the trigeminal cranial nerve as anatomical vehicle to reach their targets.
CLINICAL MANIFESTATION
CH is a severe pain, unilateral, localized in or around the eye, mostly in young males, clustering for a period of time recurring at specific time of night, often starting 1-2 hours after falling asleep or in the early morning, lasting for 6-12 weeks. Then the subject is free of symptoms for months or even years. In review of literature the character of pain is generally not addressed. However, trigger points and lancinating paroxysmal characteristic are absent, therefore it is different from trigeminal neuralgia. CH is associated with autonomic nervous system dysfunctional characteristics. Hyperparasympathetic release can be associated with hyperlacrimation, mucosal congestion, and rhinorrhea. Conjunctival vascular injection can also occur as part of the dysautonomia. Rarely, miosis (pupilllary constriction) occurs, which is predominantly an oculomotor parasympathetic stimulating response. Ptosis can also occur, as a sign of inhibition of general somatic efferent function of the third cranial nerve. There is a mix of autonomic and nonautonomic dysfunctions. In short, Sluder's CHs are of complex origin involving both, the sympathetic and the parasympathetic systems. It is a dysautonomia with a seventh cranial nerve parasympathetic propensity noteworthy of the detailed review presented herein.
ANATOMY (NEUROANATOMY)

Pterygopalatine region
The PPG is an inverted four-sided pyramid shaped space just posterior to the maxillary sinus. The PPG is located in the pterygopalatine fossa (PPF). The boundaries of the fossa are: Medially the vertical plate of the palatine bone, anteriorly is the posterior wall of the maxillary sinus, posteriorly the vertical portion of the common root of the pteygoid plates, and laterally the pterygomaxillary fissure [ Figure 1 ]. The medial wall contains the sphenopalatine foramen, the posterior wall contains the opening of the pterygoid (Vidian) canal and foramen rotundum, and the antero-superior portion of the fossa meets the inferior orbital fissure [ Figure 2 ]. The PPG is unique because of its parasympathetic seventh neuronal circuitry and its relationship to the maxillary branch (V2) of trigeminal nerve (V). The seventh cranial nerve uses the fifth cranial nerve as a pathway or structural vehicle as a "Freeway" for its postganglionic parasympathetic fibers. [7, 12, 21] Anatomy of the autonomic fibers of the seventh cranial nerve
The preganglionic parasympathetic neurons arise from the superior salivatory nucleus in the pons and via the nervous intermedus of facial nerve (VII) traversing but not synapsing at the geniculate ganglion of the facial nerve, forms the greater superficial petrosal nerve (GSPN). The GSPN continues over the internal carotid artery (ICA) at the distal carotid canal to enter the Vidian (Pterygoid) canal at the foramen lacerum, therefore entering the posterior medial aspect of the PPF. It synapses with the postganglionic neurons within the PPG. These fibers innervate the lacrimal gland, traveling with the zygomatic branch V2.
The preganglionic sympathetic neurons arise from the intermediate horn of spinal gray matter of spinal cord, at the first thoracic vertebrae (T1), ascending the cervical sympathetic trunk to the superior cervical ganglion to synapse with the postganglionic neurons. The postganglionic fibers follow along the internal carotid artery entering the skull as the deep petrosal nerve (DPN).
The sympathetic fibers traveling through the DPN join the GSPN at the proximal region of the canal and form the Vidian nerve, which traverses through the Vidian (Pterygoid) canal and reaches the PPF. These sympathetic post-ganglionic fibers traverse without synapsing in the PPF. They give innervation to the secretomotor elements of the lacrimal gland and nasal mucosa by traveling, as noted, with the zygomatic branch of fifth nerve.
The pure somatic sensory maxillary branch (V2) of the trigeminal nerve (V) exits the skull through the foramen rotondum and forms the infraorbital nerve with its branches. The maxillary nerve (V2) passes through the foramen rotondum and traverses superiorly in the PPF giving two to three branches to PPG named ganglionic branches (or pterygoid branches). The PPG inferiorly gives two major branches, the greater and the lesser palatine nerves, which innervate the bony palate of the buccal cavity, supplying the gum and its mucosa (the greater palatine nerve), and also the uvula, tonsils, and soft palate (the lesser palatine nerve), Figures 3 and 4.
The seventh nerve parasympathetic innervation increases the secretomotor function of nasal-palatal mucosa. The sympathetic innervation is inhibitory to the same elements.
The secreto-motor production is more watery-mucoid with parasympathetic stimulation, and more viscous-mucoid with sympathetic stimulation. Several other investigators have studied different aspects of PPG and PPF. Rusu et al., in 2009 studying 20 human adult heads, found four morphological types of PPG: [14] • Type A (10%): Partitioned PPG, the upper partition receiving the Vidian nerve.
• Type B (55%): Single PPG, the upper part (base) receiving the Vidian nerve.
• Type C (15%): Single, the Vidian nerve reaches the lower part (tip) of the ganglion.
• Type D (20%): Partitioned, the lower partition receiving the Vidian nerve.
They proposed that these individual variations might be the reason of failures in ablation therapy. The same group, found two different paths concerning the sympathetic entry to the PPF. [15] Apparently, postganglionic sympathetic projections use both the external carotid artery (via the maxillary artery neuronal plexus), and the ICA (via the Vidian nerve), routing to the PPG. These fibers pass through the PPG without synapsing, ending in nasal, oral, and antral region as described earlier.
Other investigators have used different approaches to study PPG and PPF. Alvernia et al. in 2007 studied cadaveric heads by using 1 mm thick slices of computed tomography (CT) and magnetic resonance (MR) images and applying software strategies. They concluded that there were clear and constant relationship between PPG and the Vidian canal, suggesting the Vidian canal as a landmark on coronal CT scan, to target the PPG with a Gamma Knife stereotactic radiosurgery for treatment of CH. [3] Finally, Chen et al. in 2010 produced 0.6 mm thickness multislice spiral CT imaged in two adult cadaver heads embedded with gelatin and frozen. [5] They sliced the heads with computerized milling machine with a thickness of 0.1 mm. Images were then taken by high resolution digital camera of these slices and compared with the images taken by multislice spiral CT. They 
TREATMENTS FOR CLUSTER HEADACHES
Medical treatment
The options for medical treatment during acute attack of CH are: Sumatriptan, ergotamine tartarate, analgesics, and oxygen inhalation of 100%. The prophylactic therapy options are valproic acid, calcium channel blockers, lithium, corticosteroids, and ergotamine, as few examples. Initially these episodes respond to medical therapy, later these become refractory to headache medications. About 10% of the patients with CH evolve to chronicity. Roughly 20% of this chronic CH is refractory to medical therapy, usually more than one year with no remission or remission lasting less than 2 weeks. These patients are candidate to surgical therapy. Interestingly, nitroglycerin, alcohol, and histamine could provoke this type of headache during the cluster period but not during the remission. [20] Surgical and procedural treatment Sluder in 1908 initiated the procedures for CH with cocaine moisture applicator cotton just posterior to the posterior tip of middle turbinate over the PPG. [18] He also applied silver 2%, or formaldehyde 0.5% with variable results.
Later on in 1913, he reported injecting phenol-alcohol to the region of sphenopalatine (SPP) foramen. [19] Multiple neurosurgical strategies were tried for this group of chronic refractory CH: Gasserian Ganglion alcohol injection, thermocoagulation of the gasserian ganglion and PPG, glycerol rhizotomy, microvascular decompression of trigeminal nerve, trigeminal nerve root sectioning, and stereotactic radiosurgery of PPG. Recently, deep brain stimulation (DBS) of posterior hypothalamus has been considered due to circadian nature of this disorder. This approach is at investigational level.
The following table is the summary list of some of those who contributed to the therapy of CH. 
Investigators Year Contribution
Sluder [18] 1908 Applied cocaine Sluder [19] 1913 Injected/applied phenol-alcohol Alajouanine [2] 1933 Percutaneous injection of cocaine Gardner [8] 1947 Resection of the GSPN Brown [4] 1962 Injected alcohol Salar [16] 1987 Thermocoagulation lesioning Sanders [17] 1997 Radiofrequency lesioning Pollock [13] 1997 Gamma knife surgery (used MRI or CT for localization) De Salles [6] 2006 Radiosurgery (used MRI, CT, and Skull X-ray for localization) Kano [9] 2011 Gamma knife surgery (North American Gamma Knife Consor)
GSPN: Greater superficial petrosal nerve
MODERN SURGICAL MANAGEMENT OF CLUSTER HEADACHE
The exquisite visualization of the PPF with modern imaging and our understanding of the anatomy of this region allows for completely noninvasive approach to the treatment of CH. [6, 9] In addition, the noninvasive technique is an advantage for the comfort of the patient. The use of Gamma Knife in treatment of CH is an ongoing process pending the final result of the North American Gamma Knife Consortium.
The 60% lasting reduction in CH is promising. In addition, with further refinement of the treatment parameters, and also the experience of the neurosurgeons involved in using the focused radiation of the PPG, with thin sections of PPG generated by CT/MRI scans, it is possible that stereotactic radiosurgery will become an important option for the neurosurgical treatment of the CH.
There are other causes of increased lacrimation that are not CH in origin. Apart from CH, PPG and its neuronal circuitry network lesions and inflammations of the surrounding anatomy play a major role in certain diseases of the eye. Hyperlacrimation, hypolacrimation, and inappropriate tearing could be due to lesions along the parasympathetic pathway from the pons up to lacrimal gland [10] [ Tables 1-3] . One example is the phenomenon of crocodile tears (Bogorad Syndrome) in which profuse and inappropriate tearing manifests when taste buds stimulation occurs and activates posttraumatizing and aberrant regenerated and misdirected facial parasympathetic fibers, erroneously re-routed to the lacrimal gland. [10] Syndromes that cause unilateral or bilateral facial plegia of nonstructural or mechanical etiologies such as Melkersson-Rosenthal and Heerfordt's Syndrome were not included in this discussion. Moreover, they bypass any involvement of the PPG. 
